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Kinematic Sunyaev-Zel’dovich Effect:
Doppler boosting of CMB photons
Compton-scattering off free electrons
with non-zero line-of-sight velocity

* Preserves blackbody CMB spectrum

e Probe of electron momentum field

N\

L1 :
O%() = — / dng(n) e -

» Contributions from reionization and
collapsed structures at late times

e Unbiased tracer of free electrons — a

A e W T tool to find "missing baryons”
Sudeep Das/ACT 3
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KSZ W|th LSST Columbia

* Most common estimator: mean pairwise momentum
Z,--CijTij c":f'”.fi'*'f'j_ (ri—r;)(1+cosb)
iy — Ly

>k 2 2\/r,.2+r12.—2r,-rj cos®

Ixsz =

* The challenge: photometric redshift errors

Also: Ferreira+ (1999); Hand+ (2012); Planck+ (2045); Flender+ (2015)
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KSZ W|th LSST Columbia

 Most common estimator: mean pairwise momentum

e T NS Ve (r;i—r;)(1+cosf)
Tisz = ZU ik =T = 2 12
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* The challenge: photometric redshift errors
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* |s there another way to use photometric data for kSZ”?
Also: Ferreira+ (1999); Hand+ (2012); Planck+ (2095); Flender+ (2015)
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kSZ MethOdS Columbia

* All detections thus far rely on cross-correlations

e Standard estimators:

- mean pairwise momentum statistic Prie(r) = =5
(Hand+2012, Planck+2015, Soergel+2016)
- velocity field reconstruction + stacking Vvt fV- [(0-7)A] = —aHf 20

(Planck+2015, Schaan+2015)
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kSZ MethOdS Columbia

* All detections thus far rely on cross-correlations

e Standard estimators:

- mean pairwise momentum statistic Prie(r) = =5
(Hand+2012, Planck+2015, Soergel+2016)
- velocity field reconstruction + stacking Vvt fV- [(v-7)A] = —aHf%q

(Planck+2015, Schaan+2015)

* Both methods require spectroscopic data (or very good photo-2)

« Hand+ (ACT/BOSS): N=27000 fq=0.008 30
Planck+ (SDSS): N=260000 fqy=0.15 1.8-3.70
Schaan+ (ACTPol/BOSS): N=26000 fq4=0.016 3.30
Soergel+ (SPT/DES): N=6700 fsky=0.03 40

e Our method (Planck/\WMAP/WISE): N=46 million fgy=0.45 3.8-4.50
JCH+ (2016); Ferraro, JCH+ (2016) /
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Novel kSZ Estimator Cotumb

Main idea: CMB T already contains kSZ information

* |deal frequency-cleaned CMB temperature map contains
contributions from:

- ISW (L<100) + RS/non-linear ISW (higher L, but small)

- Primordial T (2<LL.<3000)

- kSZ (primarily L>2000)

Dore+ (2004); DeDeo+ (2005); JCH+ (2016); Ferrdro, JCH+ (2016)



Colin Hill

Novel kSZ Estimator Colurbia

Main idea: CMB T already contains kSZ informat

* |deal frequency-cleaned CMB temperature map contal

contributions from:

- Primordial T (2<L<3000)
- kSZ (primarily L>2000)

* Construct extremely clean T map, then Wiener filter tor

» Cross-correlate with LSS tracer (projected in 2D)

IoN
NS

- ISW (L<100) + RS/non-linear ISW (higher L, but small)

kSZ

- But <T x LSS> vanishes because of v«—-v symmetry
- Simplest fix: square in real space, measure <12 x LSS>
- Measures a particular squeezed 3-pt function: <Opp>

- Caution: CMB lensing leakage (quadratic in T)

Dore+ (2004); DeDeo+ (2005); JCH+ (2016); Ferrato, JCH+ (2016)



“LGMCA” CMB Map

Bobin+ (2015)
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Data AnalyS|S Columbia
Planck/WMAP + WISE
- | | | :l WISE
N L — - SPHEREx
3
s |

Ngal ~ 46 million

L ~L"

none

5 10

<z> ~ 0.4 (dn/dz from SDSS cross-match)

JCH+ (20106)
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Data AnalyS|S Columbia

Planck/WMAP + WIS

“LGMCA” .C‘VI\/IB Map Wiener filter

Bobin+ (2015) _semmmesnes. constructed from Battaglia kSZ PS
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<z> ~ 0.4 (dn/dz from SDSS cross-match)
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] s 11 JCH+ (2016)




Colin Hill

Data AnalyS|S Columbia
Detection

<Tclean® X WISE> ® @ data

* * lensing-subtracted residuals o,
0.3 — best-fit kSZ | '
- -  best-fit lensing
—— best-fit total
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Multipole moment ¢

JCH+ (2016) 12
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Data AnalyS|S Columbia

Detection
<Tclean2 X W|8E> ® ® data
* * |ensing-subtracted residuals

— 0.3F| = best-fit kSZ

e - - best-fit lensing

% 0oLl bezst—ﬁt total |

a\

X A U r :
e | detection
O |
— 0.0 model fits
<z well (p=0.28)
ol Nl

_O'%.O 500.0 1000.0 1500.0 2000.0 2500.0 3000.0
Multipole moment ¢

(Cksz2x5g ) AkSZ = 2.18 +/- 0.57
f fducal bg=1.10 +/- 0.11

JCH+ (2016) 13

kSZ2x6,
) = bg.Akszz (CE ©
measured
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Data AnalyS|S Columbia
~xternal constraint on WISE galaxy bias from Kcvs

50 x10~7 |
| e e 2015
<kcve X WISE> |e e 2013
E § — theory (b, = 1.13)
T T S e S SErem -
by = 1.13 +/- 0.02
g TOF - N ---------------------------- ............................
QN
0.5

0.0 | |
500 1000 1500 2000

¢ multipole

Consistent bias values are also an important test for the <T2 x WISE> framework

JCH+ (2016) 14
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Interpretation Columbiz

—— unmarg.

0.9 , . — marg. (no external b, constraint)

3 . 8‘4 . 50 - - marg. (lensing b, co.nstraint)
k822 : E E -+=  marg. (w/ 10% lensing theory error)

detection ———
a.naély:als scenario Ay sz2 by
C, =% only 2.18 +0.57|1.10 £ 0.11
2 . -

C, clean X% gnd CFoMBOs 2.24 4 0.50(1.13 4 0.02
+10% theory error on Cfc'\'zBag 2.21 0.53/1.11 +£0.08

R — _

ARV NN T Y A— _

y 5

AkSZ2
consistent with expected cosmic baryon abundance: (f5/0.155) (firee/1.0) = 1.48 £ 0.19

N.B. theoretical systematics at ~10s% (e.g., NL bispectrum, os/parameters, ...)

JCH+ (20106); Ferraro, JCH+ (20106) 15
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ftree DOStErION

2.0f

Normalized posterior

0.5

O.%.

1.0f

Interpretation

— Case A
- -  Fiducial

—p(ffree<1) = 9.4%

(~1.60 if gaussian)

1.0
ffree

1.5

2.0

Colin Hill
Columbia

(for fiducial

analysis w/

no external
by INfO)

consistent with expected cosmic baryon abundance: (f5/0.155) (firee/1.0) = 1.48 £ 0.19

N.B. theoretical systematics at ~10s% (e.g., NL bispectrum, os/parameters, ...)

JCH+ (20106); Ferraro, JCH+ (20106) 16



Colin Hill

Forecasts/Outlook columore
Large iImprovement expected with higher resolution

Cross-correlation coefficient of kSZ and

r(0) =(Cr™ (O +CfT))?

0.0f
1000 2000 3000 4000 5000 6000 7000

Ferraro, JCH+ (2016)

[

blackbody T fields

current

analysis
4—

the

4

8000 9000 10000

17

Key Issue:
multi-frequency
component separation

»>AdVvACT (+Planck)
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Forecasts/Outlook
Large iImprovement expected with higher resolution

CMB experiment beam FWHM | effective noise”
[arcmin)] Ar [pK-arcmin]
Planck (2015 LGMCA map) 5 47
Advanced ACTPol 1.4 10
CMB-S4 (case 1) ° 3 3
CMB-S§ (case 2) 1 3
CMB-S§4 (case 3) 3 1
CMB-S§4 (case 4) 1 1
10 t—l T T T
R — Planck LGMCA
SR - - AdVACT
0.8} N - o4
‘\
< 0.6f ‘ '
= '
E 0.4t \\\
0.2 1 f; "“, ) ) s ~
, /l ’ . - \
0.9 -—ﬂ)hc_io' ' “-20'00 3000 4000 5000 6000 _ 7000 = 8000
14

Ferraro, JCH+ (2016) 18
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Forecasts/Outlook Columbia
Large iImprovement expected with higher resolution
CMB experiment beam FWHM | effective noise” fsy| £ range (ﬁm) —
larcmin] |Ar [pK-arcmin] firee
Planck (2015 LGMCA map) : o Planck x WISE 0.7 (100 - 3000| 5.2
Advanced ACTPol 1.4 10 Planck x SPHERFEzx 0.7 |100 - 3000 5.4
CMB-S4 (case 1) ° 3 3 Advanced ACTPol x WISE | 0.5 [100 - 8000 232
CMB-S} (case 2) 1 3 Advanced ACTPol x SPHEREz| 0.5 100 - 8000 280
CMB-S4 (case 3) 3 1 CMB-S4 (case 1) x WISE | 0.5 |100 - 8000 296
CMB-54 (case 4) L L CMB-S/ (case 1) x SPHEREz | 0.5 [100 - 8000| 356
o _ | | | CMB-S4 (case 2) x WISE | 0.5 |100 - 8000| 704
— Planck LGMCA CMB-S4 (case 2) x SPHEREz | 0.5 |100 - 8000| 866
T CMB-S) (case 3) x WISE | 0.5 |100 - 8000| 702
"9l 5 CMB-S4 (case 3) x SPHEREz | 0.5 |100 - 8000| 858
kY CMB-S4 (case 4) x WISE | 0.5 |100 - 8000| 822
0.61 N CMB-8/ (case 4) x SPHEREz | 0.5 [100 - 8000 1014

Filter f(¢)
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0.2 I

(I

e,
---- |

0 1000 3000

Ferraro, JCH+ (2016)
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will likely be limited by
component separation

19



Colin Hill

Forecasts/Outlook Columbia

LSST| fs=0.4; 26 gal/arcmin? fory| range |(Sfime)
Dre”minarv Planck x WISE 0.7 |100 - 3000 5.2
' Planck x SPHERFEz 0.7 1100 - 3000 5.4
X AAVACT 326 Advanced ACTPol x WISE | 0.5 |100 - 8000 232
X CMB 84 (Case ‘I) 402 Advanced ACTPol x SPHEREz| 0.5 |100 - 8000 280
) CMB-S4 (case 1) x WISE | 0.5 |100 - 8000| 296
X CMB-54 (case 2) 032 CMB-S4 (case 1) x SPHEREz | 0.5 |100 - 8000 356
x CMB-S4 (CaSG 3) 1006 CMB-S4 (case 2) x WISE | 0.5 |100 - 8000| 704
) CMB-S/ (case 2) x SPHEREz | 0.5 |100 - 8000 866
X CMB 84 (case 4) 230 CMB-S4 (case 3) x WISE | 0.5 [100 - 8000| 702

! CMB-S4 (case 3) x SPHEREz | 0.5 [100 - 8000 858
— WISE CMB-S/ (case 4) x WISE 0.5 {100 - 8000 822
— LSST | | CMB-S4 (case 4) x SPHERExz | 0.5 (100 - 8000| 1014

—_
ot

=
o

will likely be limited by
component separation

<
o

Normalized p,y(z) o< dn/dz

Ferraro, JCH+ (2016) 20
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Forecasts/Outlook Columbia

Projected-field estimator opens a new window for k&7
measurements from photometric surveys

e.g.: AAVACT x DESI (pairwise): 20-500 (Flender+2015)
AdVACT x LSST (proy. field): ~1500 (WISE ~1000)

Unique possibility w/ projected fields: lensing maps as LSS tracer!

21



e.g.: AdVACT x DESI (pairwise): 20-500 (Flender+2015)
AdVACT x LSST (proj. field): ~7

Unigue possibility w/ projected fie

AdvACT tSZ x LSST lensing convergence

Forecasts/Outlook

Projected-field estimator opens a new window for k&Z
measurements from photometric surveys

10.0

O.%

e e e e e e

——————
‘_.~’— == T N==

— AGN feedback
-+ Adiabatic

0

1000.0

20000 30000 40000 5000.0 _ 6000.0
Multipole moment ¢
22

500 (WISE ~1000)
ds: lensing maps as LSS tracer!

Colin Hill
Columbia

analogous to
tSZ x LSST K
(shown here)
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Forecasts/Outlook Columbia

Projected-field estimator opens a new window for k&Z
measurements from photometric surveys

e.g.: AAVACT x DESI (pairwise): 20-500 (Flender+2015)
AdVACT x LSST (proy. field): ~1500 (WISE ~1000)

Unique possibility w/ projected fields: lensing maps as LSS tracer!

What can we learn?

- Joint tSZ/kSZ measurements constrain ne and Te

» precise baryon profiles + non-thermal pressure

- Tomographic breakdown

- Precise feedback constraints

- Low-z T (improves reionization constraints)

- Growth of structure: dark energy/gravity/ massive neutrinos
»potentially competitive with e.g. RSD (Alonso+2016)

23
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Columbia

Thanks!

24
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Columbia

Bonus

25



Colin Hill

Novel kSZ Estimator Colurbia

» Consider (TF(x) 0er(y))
/ \ Maftter tracer

(galaxies, AGNSs,
lensing convergence...)

Filtered temperature
squared in real space

e Ifonly kSZ: ~ (dv dv o
< & b5 for galaxies

~ (V0)(0004) e D
Assumptions (for now):
T <f05> <2)559> T * Linear bias
* NL bispectrum fit
Fourier Transform + Linear theory for g — @
Project along line of sight Planck parameters )
Vv
kSZZ X 59 Doré et al (2003)
C£ DeDeo et al (2005)

JCH, Ferraro et al (2016)

Planck x WISE Fisher ~ 30 Ferraro, JCH et al (2016)
20
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Novel kSZ Estimator Colurbia

Why do this?

* Does not require spectroscopic LSS data! (not even photo-

z, necessarily) — projected fields

» Can probe a wide range of physical scales — directly

porobe the baryon profile

e Halo mass estimates not needed to infer fp

» For high-res experiments (e.g., AAVAC

J[CMB-54), this

estimator can vield very high S/N (because high-L T is kSZ)

 Complementary to other methods

JCH+ (2016); Ferraro, JCH+ (2016) 27
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Novel kSZ Estimator Colurmba
Why do this?

1.0f

0.8}

cross-correlation
coefficient between
kSZ and total
(lensed) T tield

0.6

0.4

0.2

r() =(C/% (G +0{T)?

0.0

1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

£ multipole

JCH+ (20106); Ferraro, JCH+ (20106) 28
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Novel kSZ Estimator Colurmba
Why do this?

1.0f

0.8}

cross-correlation

=
O
_|_
3 27 current >
O | analysis coefficient between
o4 T kSZ and total
S) (lensed) T field
I oa)
T /
0.0f

1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

£ multipole

JCH+ (20106); Ferraro, JCH+ (20106) 29
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Data Analysis Columbia
-xtra Cleaning: Dust

* Taust = CMB-free combination of 545 and 217 GHz (SFH14)

* Tclean = (1+Q)TLamea - A Tqust Where a minimizes
<((1 +O.)TLG|\/|CA - O.*Tdust) X W|8E> (Clmin = -0.0002)

2.0

WISE ERE] e __— i ------------------- - I --------- e I ------
<Tclean X > o LOp SRR ¥ e R T
S S L — LT oL p =0.20
Test for any g_gg ____________ I:{ ___________ — I __________ 1 _____ { _____ I _________________ (p=0.08 w/
mean_regldualg R e II ................. I I ................. I .............. no cleaning)
emission S _isfo T SR L =
0 —20 i i ' i i

multipole

30
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Data Analysis Columbia
-xtra Cleaning: Dust

e Taust = CMB-free combination of 545 and 217 GHz (SFH14)

* Tclean = (1+Q)TLamea - A Tqust Where a minimizes
<((1 +O.)TLG|\/|CA - O.*Tdust) X W|8E> (Clmin = -0.0002)

2.0

L5p T — — T T
Toean x WISE> |2 10 S I ------------------- - [ --------- - I ------
£ S S S S S b = 0.20
Testfor any 8'8 :{ :{ 5 } { | I (p=0.08 w/
mean residual < _(1)8: """"""""" o :{I """ I """"" 1= | """"""""" I """""""" no cleaning)

/7'(' x 10° [uK]

emission “@9 S EO S S L 5 IR
2.0 i i | | ;
< 80 ! ! ! ! !
<(Tolean"Taust) X | & 2‘8:ffffffffﬁ?ﬁffﬁﬁﬁﬁﬁﬁﬁfﬁﬁﬁﬁ?ﬁﬁﬁﬁﬁfﬁﬁﬁﬁfIﬁﬁ?ﬁﬁﬁﬁﬁﬁﬁﬁffﬁfﬁﬁﬁﬁ?ﬁffﬁfffﬁ"'f?ﬁfffﬁfffff p =0.02
WISE> ER I N ST o T ¥ __________________ but must rescale
Test for Ry - Tt1 1 1*11 ______ amplitude from
residual dust % Y| S - S—— A— o - 545 GHz to CMB
emission, T oo S o o o channels
i '%.O 500.0 1000.0 1500.0 2000.0 2500.0 3000.0

includi.ng = Multipole moment £ a factor
fluctuations +other null tests 31 ~400-500
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Simulation Tests columore
Comparison to Battaglia+ cosmological hydro sims.
sim. LSS tracer = CFHTLenS lensing convergence

o o hydro 81mulat10ns

<kSZ2 X KcFHT> - theory IR
(unf”tered) C§ 107 — theory (Fmin/Fmax cuts) ................... lfl' ...... A
.3. : : : ¢
ES T L] TR CCIIITIIIIIITITE AT NN S MO
e
E Izzmzﬂo 038 h/Mpc < k <
C\]>< O ,’ """""""" f """"""""""" I """""""""""
2 L7 Iﬂﬂ 76 h/Mpc
Sl P N
_|_
=
)

-]
()

e . .
o | | | |
’ ; ; ; ; ;
/8 R 4 - < T oo Tt
4 . . . . .
. | | | | |
é
O'%.O 500.0 1000.0 1500.0 2000.0 2500.0 300\
Multipole moment ¢

must account for the eftect of missing super-box long-wavelength

modes on the velocity field (c.f. Park+ 2013)
(50% of <vims2> comes from k < 0.06 h/Mpc)

Ferraro, JCH+ (2016) 32
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Simulation Tests columoe
Comparison to Sehgal+ sims (N-body/“painted gas”)
sim. LSS tracer = CMB lensing convergence
verification of CMB lensing “leakage” calculation for kSZ2

<';2 X KcmB>
—  0.05
- o3
(filtered) \A
=
= 0.00f
N
~
sa] o0
% dL’ L f(L"CEF
< —0.05} (2%)2/0 F(L)CE
P 2m
:[—GU / do f(|L" + £|) cos ¢
- —0.10} 0
+ — theory
= e ¢ ¢ simulations
= _015 ' ' ' ' '
0 500 1000 1500 2000 2500 3000

Ferraro, JCH+ (2016) 33/



Thermal SZ Effect

Thermal SZ Effect:
Change in temperature of
CMB photons due to
inverse Compton
scattering off hot electrons,
most of which are in the
intracluster medium (ICM)
of galaxy clusters

/ 1
T — Gv
temperature CMB /

fluctuation

Colin Hill
Columbia

MICROWAVE RACKGROUND

\ PHOTON

HOT
CLUSTER
GAS

...... A e T L ENERGETIC
i WA T ELEGTRON

i  BLUE SHIFTED
t MICROWAVE ©HOTON

Spectral function

oT /Pe(l)dl Line-of-sight

integral

Electron pressure profile
34
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Thermal SZ Eftect columbia

Unique spectral signature

Wavelength (mm)
5 2 1

10 0.9

intensity*™|

{':zﬂn

>

= 100 \ .

= \ i

2 sl tSZ null \1

E (218 GIHZ) \

= 2 1,‘

T R

Frequency (GHz)
frequency

Carlstrom+ (2002)

: - . 0.0005B(Tp) -
intensity % 00998, (Toue)
change
01
o
-
L
2
— 0 o
< ~ Kinetic SZE
-0.1 F Thermal SZE -

0 100 200 300 400 500
Frequency (GHz)

frequency
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Simulation Tests columbra
Comparison to Sehgal+ sims (N-body/“painted gas”)
sim. LSS tracer = CMB lensing convergence

<kS/2 x Kcmp>

(filtered) é
S
<

— theory
¢ ¢ simulations

500 1000 1500 2000 2500 3000

/
Ferraro, JCH+ (2016) 36
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‘ ﬂterpretathﬂ Columbia

analysis scenario Ay gz2 by
el g
0.9 . S— 25 C, <=2 only 2.18 +0.57(1.10 £ 0.11
2 . )
3.8-4 50 — CaseA Oy ctesn ™% gnd Oy OVBo ||2:24£0.50|1.13 +0.02
' ' O T i +10% theory error on C; : . . :
kSZQ 0.8 Case B 10% th C; M=% 12,21 4 0.53|1.11 + 0.08
Case C
L 0.7 20F l/I
. |
detection |e |
L 0.6f 3
0 X
O 15_ | |
Q. 0.5 '
|
D -
N 0.4 |
E 10_ | ll
|
€ 03 B
P by
0.2 5f : l
NN
|\
0.1 N\
| 1
. \ :
| ] i | /| i R
0.0 3 4 5 6 070800910111213141L5
AkSZ2 bg

consistent with expected cosmic baryon abundance: (f5/0.155) (firee/1.0) = 1.48 £ 0.19

N.B. theoretical systematics at ~10s% (e.g., NL bispectrum, os/parameters, ...)

JCH+ (20106); Ferraro, JCH+ (20106) 37




